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ABSTRACT
Background Chronic HCV infection is a leading cause
of liver-related morbidity globally. The innate and
adaptive immune responses are thought to be important
in determining viral outcomes. Polymorphisms associated
with the IFNL3 (IL28B) gene are strongly associated with
spontaneous clearance and treatment outcomes.
Objective This study investigates the importance of
HLA genes in the context of genetic variation associated
with the innate immune genes IFNL3 and KIR2DS3.
Design We assess the collective inﬂuence of HLA and
innate immune genes on viral outcomes in an Irish
cohort of women (n=319) who had been infected from
a single source as well as a more heterogeneous cohort
(Swiss Cohort, n=461). In the Irish cohort, a number of
HLA alleles are associated with different outcomes, and
the impact of IFNL3-linked polymorphisms is profound.
Results Logistic regression was performed on data
from the Irish cohort, and indicates that the HLA-A*03
(OR 0.36 (0.15 to 0.89), p=0.027) -B*27 (OR 0.12
(0.03 to 0.45), p=<0.001), -DRB1*01:01 (OR 0.2 (0.07
to 0.61), p=0.005), -DRB1*04:01 (OR 0.31 (0.12 to
0.85, p=0.02) and the CC IFNL3 rs12979860 genotypes
(OR 0.1 (0.04 to 0.23), p<0.001) are signiﬁcantly
associated with viral clearance. Furthermore,
DQB1*02:01 (OR 4.2 (2.04 to 8.66), p=0.008),
KIR2DS3 (OR 4.36 (1.62 to 11.74), p=0.004) and the
rs12979860 IFNL3 ‘T’ allele are associated with chronic
infection. This study ﬁnds no interactive effect between
IFNL3 and these Class I and II alleles in relation to viral
clearance. There is a clear additive effect, however. Data
from the Swiss cohort also conﬁrms independent and
additive effects of HLA Class I, II and IFNL3 genes in
their prediction of viral outcome.
Conclusions This data supports a critical role for the
adaptive immune response in the control of HCV in
concert with the innate immune response.
INTRODUCTION
Infection with HCV is one of the leading causes of
liver-related mortality globally. Most persons who
are exposed to HCV will develop persistent infec-
tion; however, a proportion (20–30%) spontan-
eously clear infection. Those patients with chronic
HCV infection are at risk of developing liver cir-
rhosis and/or hepatocellular carcinoma.1 Much
effort has aready been invested in understanding
the factors that determine the differing outcomes in
individuals but disentangling the impact of host
and viral factors has been difﬁcult. One of the
reasons for this is that HCV exhibits substantial
genetic heterogeneity as a consequence of its error-
prone polymerase enzyme,2 3 and high replication
rates with virion production exceeding 1012 parti-
cles per day.4
Signiﬁcance of this study
What is already known on this subject?
▸ Host factors are considered to be an important
component in the control of HCV infection.
▸ The HLA genes, as well as the innate immune
genes IFNL3 and KIR, are considered to be
important determinants of viral outcomes,
however, their interaction with each other has
not been well studied.
▸ A single source outbreak of HCV provides us
with a unique opportunity to understand the
nature of these genetic inﬂuences in more
detail as confounding factors are controlled.
What are the new ﬁndings?
▸ HLA Class I and II genes are signiﬁcantly
associated with viral outcomes even when the
profound impact of IFNL3 and KIR2DS3 are
considered.
▸ There is no evidence of a genetic interaction
effect between the HLA Class I and II alleles
and IFNL3.
▸ There is, however, a clear additive effect
between the different genes indicating likely
independent and separate but cumulative
immune events.
▸ The results also indicate that there may be a
differential effect with respect to HLA Class I
alleles and viral outcomes according to the
nature of the innate immune response.
▸ These data support a critical role for the
adaptive immune response alongside the innate
immune response in the control of HCV
infection.
How might it impact on clinical practice in
the foreseeable future?
▸ These data provide important insights to the
immunopathogenesis of this illness which is of
direct relevance to HCV vaccine studies and
design.
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Nonetheless, there are clear reports of host factors that are
inﬂuential in determining viral outcome. The cellular immune
response coordinated by CD4 and CD8 T cells appears to be
important in this process. These responses are genetically prede-
termined by the nature of the host’s major histocompatibility
complex (MHC) molecules which dictate the antigen recognised
in each individual. Certain HLA Class I and II genes have been
linked to differing viral outcomes. Of the Class I genes,
HLA-A*03, -B*27, -B*57 and C*01 have been shown to associ-
ate signiﬁcantly with viral clearance.5 6 Similarly, the Class II
alleles have also been implicated—HLA-DRB1*01:01, 04:01
and DQB1*03:01 are associated with viral clearance, while
others, such as DQB1*02:01 and DRB1*03:01, are associated
with persistence.5 7 Functional studies have linked the Class I
associations (in the case of -A*03 and -B*27) to targeting of key
protective CD8 T cell epitopes which appear to have a high
ﬁtness cost requiring the generation of multiple mutations.8 9
The mechanism underpinning the protection associated with
HLA Class II is not yet fully understood.
The innate immune response also appears to be crucial to
viral containment. The interferon lambda 3 (IFNL3) gene
encodes an innate interferon—IFN lambda 3 (IFNλ3) and a
body of evidence supports a critical role for this cytokine in
HCV infection. IFNλ3 is classiﬁed as a type III interferon.
These cytokines possess antiviral and immunomodulatory
activity mediated through the JAK-STAT pathway and can
upregulate expression of interferon-stimulated genes (ISG).10
The importance of variants linked to this gene was ﬁrst iden-
tiﬁed in a genome wide association study (GWAS) when a
group of single nucleotide polymorphisms (SNP) identiﬁed at
speciﬁc sites within a haplotype block were found to strongly
correlate with either persistence or clearance of HCV in
patients receiving interferon treatment.11 The exact mechan-
ism responsible for this strong IFNL3 effect remains unclear.
However, despite the strong IFNL3 effect, outcome is pre-
dicted in only about two-thirds of cases.10
As previously mentioned, much effort has been invested in
determining the crucial host factors that help determine how
HCV is controlled in humans. A number of important insights
to this have arisen from the study of a cohort of Irish women
who were accidentally exposed to HCV after receipt of doses of
infected anti-D immunoglobulin.12 This cohort is deﬁned by
exposure to the same strain (genotype 1b) at a deﬁned time
point. The single-source outbreak of HCV infection presents an
ideal study group in which to address the impact of host and
viral factors, as host and viral heterogeneity are controlled for.
The characteristics of this cohort have allowed several observa-
tions to be described, which have not been so clear-cut in other
groups. Genetic studies have identiﬁed clear HLA Class I asso-
ciations (table 1). A*03, B*27 and C*01 are associated with
viral clearance whilst HLA-B*57 is not.5 Similarly, clear associa-
tions between HLA Class II genes and outcomes have been
observed. HLA-DRB1*01:01, *04:01 and DRB1*15 have been
linked to viral clearance, while DQB1*02:01 was associated
with chronic infection.5 18 Two recent studies also provide
powerful evidence of the importance of IFNL3 in determining
outcomes in this group.16 17 Dring et al have studied the impact
of the rs12979860 IFNL3-linked polymorphism in more than
500 women derived from this cohort. They found the presence
of the ‘T’ allele strongly predicted chronic infection (OR 7.38,
p<10−8). They also found that the KIR2DS3 gene in combin-
ation with the HLA-C2 (an epitope of HLA-C molecules that
provides a ligand for some NK cell receptors) also predicted
viral persistence (OR 1.90, p<0.002).16 Previous studies have
also identiﬁed an effect of KIR genes on viral outcomes in HCV
infection although not speciﬁcally KIR2DS3.19–21
In this study, we aimed to address a question, which has not
previously been reported upon—to deﬁne the impact of
genetic variation in innate immune genes (IFNL3 and
KIR2DS3) on the protective nature of MHC Class I and II, and
were in a unique position to study this in the Irish cohort of
women infected with a common inoculum of HCV from
anti-D injections. We hypothesised that in patients who have a
suboptimal innate immune response, a favourable adaptive
immune response, such as that associated with protective HLA
Class I and II alleles, might have a differential effect on viral
outcomes or vice versa. As innate interferons may very well
have an effect on the quality of the subsequent adaptive
immune response, we also address whether IFNL3 and the
HLA Class I and II genes have separate, additive or interactive
effects on HCV clearance.
METHODS
Cohort
The study population is a group of Irish women who were
exposed to HCV (genotype-1b) as a consequence of receipt of
contaminated anti-D immunoglobulin in 1977. The character-
istics of this cohort have been previously published.12 The sub-
jects in this study were attending different centres in Ireland.
Informed and written consent was obtained from each partici-
pant and ethical approval was obtained previously from the
local centres. Our study group is comprised of 319 patients
derived from the cohort (table 2) Complete HLA Class I, II,
KIR2DS3 and IFNL3 genotyping was not available on all
patients. In Group 1 (n=319), we had access to complete HLA
Class I, KIR2DS3 and IFNL3 rs12979860 genotyping. Group 2
(n=213) is a subset of the ﬁrst group: however, in this case, we
also have full Class II typing.
Data was also available from 461 patients derived from the
Swiss HIV Cohort Study (previously described, and also in
(http://www.shcs.ch).17 This is a multiple source cohort com-
posed of HIV/HCV coinfected individuals (208 spontaneous
clearers and 253 with chronic infection). These patients were
infected with diverse HCV genotypes and were heterogeneous
with respect to age, sex, ethnicity and viral co-infections (see
online supplementary table S1). Data was available on HLA
Class I, II and IFNL3 rs4803217 genotypes. Written informed
consent including for genetic testing had previously been
obtained.
Table 1 Genes previously associated with favourable and
unfavourable outcomes within the Irish cohort
Protective Deleterious OR (95% CI) References
HLA-B*27 7.99 (1.90 to 33.51) 5
HLA-A*03 2.43 (1.2 to 4.85) 5
HLA-C*04 — 13
HLA-DRB1*01:01 4.71 (2.11 to 10.49) 5, 14, 15
DRB1*04:01 4.12 (2.04 to 8.34) 5
DRB1*15 2.2 (1.21 to 3.99) 5
DQB1*02:01 0.27 (0.14 to 0.52) 5
KIR2DS3 2.27 (1.28 to 4.02) 16
IL28B ‘T’ 7.59 (4.86 to 11.8) 16, 17
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IFNL3, KIR2DS3 and HLA genotyping
Genotyping for these variables (IFNL3 SNP rs12979860,
KIR2DS3 and HLA) in the Irish cohort was performed previ-
ously and is described in previous publications.5 16 18 For the
Swiss cohort, genotyping for the IFNL3 linked polymorphism
rs4803217 was performed. This SNP was chosen as a proxy (R2
of 0.92) for rs12979860 because the latter SNP was not geno-
typed in the frame of the Swiss cohort GWAS. HLA type was
imputed using the SNP2HLA pipeline and a reference panel of
5225 individuals with MHC-wide dense SNP typing and 4-digit
sequence-based HLA typing.22
Statistical analysis
For the Irish data, Fisher’s exact test and step-wise multivariate
logistic regression analysis is used to assess the predictive contri-
bution of HLA type in a model that also includes the patient’s
IFNL3 status and KIR2DS3 genotype. Stepwise logistic regres-
sion models were produced using forward and backward vari-
able selection. The R step function was used to minimise Akaike
Information Criteria (AIC). The additive effect of the selected
HLA type, IFNL3 and KIR2DS3 was examined by hierarchical
modelling and receiver operator curves (ROC). The interaction
of IFNL3 and the optimised HLA types was assessed within the
regression models. For the Swiss data, univariate regression was
performed for outcome for each HLA (see online supplemen-
tary data). The rest of the analysis follows the same procedures
as the analysis for the Irish cohort. All analysis is carried out
using R (http://www.r-project.org) V.3.10.
RESULTS
HLA Class I alleles are associated with viral clearance
In this study, complete HLA Class I data was available on 319
patients derived from the Irish anti-D cohort (Group 1). A pre-
vious study has reported signiﬁcant associations between Class I
alleles and viral outcomes on a smaller subset of this cohort
(n=247, table 1).5 We initially compared the frequencies of the
Class I alleles in patients with chronic and resolved infection in
these 319 patients. Our results also indicate a favourable associ-
ation between HLA-A*03 (OR 0.5 (0.3 to 0.9), p=0.01) and
B*27 (OR 0.3 (0.1 to 0.9), p=0.02) and viral clearance.
Additionally, C*01 (OR 0.3 (0.08 to 1), p=0.03), C*12 (OR
0.4 (0.1 to 1), p=0.03) and B*15 (OR 0.3 (0.1 to 1), p=0.04)
are signiﬁcantly associated with viral clearance, while C*04 (OR
2 (1 to 4), p=0.04) is associated with persistent infection.
HLA-A*03 is signiﬁcantly protective only in the IFNL3
‘protective’ group, while B*27 and C*01 are protective
only in the IFNL3 ‘deleterious’ group
To address the effect of the IFNL3 SNP rs12979860 on the
HLA Class I associations, we then stratiﬁed the cohort according
to carriage of the ‘protective’ CC genotype or ‘deleterious’ T+
genotype and re-analysed viral outcomes in these groups (table 3
and see online supplementary table S3 and S4). In those with the
protective IFNL3 genotype, HLA-A*03 is still strongly associated
with viral clearance (OR 0.34 (0.14 to 0.8), p=0.007). The pres-
ence of HLA-A*03 is also more common in resolvers than in
those with persistent infection in the deleterious IFNL3 group
(35% vs 25%, OR 0.6 (0.2 to 1.7), p=0.35) although this is no
longer statistically signiﬁcant. In the group stratiﬁed by the
IFNL3 ‘deleterious’ genotype, we identify signiﬁcant associations
between HLA-B*27, -C*01 and viral clearance (OR 0.12 (0.02 to
0.6), p=0.002 and OR 0.11 (0.02 to 0.6), p=0.005, respectively)
and observe that this effect is not present in the ‘protective’
group (table 3). The number of patients who have these import-
ant alleles (B*27, C*01) is low, however.
Table 2 The Irish cohort has been divided into two study groups
according to the availability of genotyping
IFNL3 T+ IFNL3 CC HLA Class I HLA Class II
Group 1 n=319 163 156 319 —
SR 29 94 124 —
Chronic 134 62 196 136
Group 2 n=213 110 103 213 213
SR 21 56 77 77
Chronic 89 47 136 136
SR, spontaneous resolver.
Table 3 HLA Class I and II associations with viral outcome in patients from the Irish stratified by their IFNL3 rs12979860 genotype (Fishers
exact test)
IFNL3 rs12979860 CC genotype IFNL3 rs12979860 T+ genotype
HLA Chronic n=62 (%) Resolved n=94 (%) OR (95% CI) p Value Chronic n=134 (%) Resolved n=29 (%) OR (95% CI) p Value
A*03 10 (16) 34 (36) 0.34 (0.14 to 0.8) 0.007 33 (25) 10 (35) 0.6 (0.2 to 1.7) 0.35
B*27 4 (7) 8 (9) 0.7 (0.2 to 3) 0.77 4 (3) 6 (21) 0.12 (0.02 to 0.6) 0.002
C*01 2 (3) 5 (5) 0.6 (0.06 to 3.8) 0.7 3 (2) 5 (17) 0.11 (0.02 to 0.6) 0.005
B*15 3 (5) 7 (7) 0.6 (0.1 to 3) 0.74 3 (2) 4 (14) 0.2 (0.02 to 0.9) 0.02
Cw*16 11 (18) 6 (6) 3.1 (1 to 11) 0.035 7 (5) 7 (24) 0.3 (0.07 to 1.2) 0.04
C*09 5 (8) 1 (1) 8.1 (0.9 to 389) 0.037 4 (3) 1 (3) 0.9 (0.08 to 44) 1
HLA Chronic n=47 Resolved n=56 OR (95% CI) p Chronic n=89 Resolved n=21 OR (95% CI) p
DRB1*01:01 3 (5) 17 (18) 0.16 (0.03 to 0.6) 0.002 8 (6) 9 (31) 0.14 (0.04 to 0.5) 0.001
DQB1*05:01 8 (13) 20 (21) 0.4 (0.1 to 1) 0.045 11 (8) 9 (31) 0.2 (0.06 to 0.6) 0.003
DQB1*02:01 18 (29) 9 (10) 3.2 (1.2 to 9.3) 0.014 38 (28) 2 (7) 7 (1.5 to 66) 0.005
DRB1*03:01 17 (27) 9 (10) 2.9 (1.1 to 8.5) 0.024 38 (28) 2 (7) 7 (1.5 to 66) 0.005
DRB1*04:01 9 (15) 17 (18) 0.5 (0.2 to 1.5) 0.26 11 (8) 5 (17) 0.5 (0.1 to 2) 0.18
DQB1*02:02 14 (23) 4 (4) 5.4 (1.5 to 25) 0.004 19 (14) 4 (14) 1.2 (0.3 to 5.3) 1
DR*13:01 9 0 0 0 11 2 1.3 (0.3 to 13.4)
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HLA Class II data was available for 213 women (Group 2).
Online supplementary table S5 shows the frequencies of the
Class II alleles in patients with different outcomes in this ana-
lysis and are similar to previous studies.5 15 18 We also stratiﬁed
the group according to the presence or absence of the beneﬁcial
IFNL3 genotype. HLA-DQB1*02:01 and DRB1*03:01 were
both signiﬁcantly associated with chronic infection independ-
ently of the stratiﬁcation. Similarly, DQB1*05:01 and
DRB1*01:01 were both signiﬁcantly enriched in those with
viral clearance irrespective of the IFNL3 genotype (table 3 and
see online supplementary tables S6 and S7). These results
suggest an independent effect of the Class II genes as a contribu-
tor to viral outcome.
HLA Class I alleles predict viral outcome even when
the impact of innate immune genes are considered
Logistic regression analysis was then used to generate an
optimal multivariate model that would best predict viral
outcome using the previously identiﬁed associations and genes
noted to be in linkage disequilibrium. The IFNL3 and KIR2DS3
genotype were also incorporated. Table 4 presents the optimised
regression model of class I HLA, KIR2DS3 and IFNL3 associa-
tions with viral clearance. Four of the HLAs are protective
(A*03, B*15, C*01 and C*12) whilst C*09 is deleterious.
These associations are maintained independently despite the
presence of IFNL3 within the regression even though IFNL3
has a strong protective effect (OR 0.11, (0.06 to 0.19),
p<0.001). The interactive effect of the IFNL3-associated poly-
morphisms with the Class I alleles was examined by including
interaction terms in the logistic regression models. No signiﬁ-
cant interactions were detected. The additive effects were
assessed by constructing hierarchical models. Models were con-
structed using only the optimal HLA I alleles or KIR2DS3 or the
IFNL3 genotype and combinations of these predictors. As vari-
ables are added, there is a marked improvement in prediction of
viral clearance. Online supplementary ﬁgure S2. displays the
ROC generated by these models. The best model as deﬁned
by area under the curve (AUC 0.82) contains all the predictors.
The IFNL3 genotype (AUC 0.72) outperforms KIR (AUC 0.59)
and HLA Class I alleles (AUC 0.65) when considered on
their own.
Predictive effect of immune genes are additive
We next generated a logistic regression model to predict viral
outcome incorporating Class I and Class II alleles as well as
IFNL3 and KIR2DS3 genotype. The regression included genes
that were known to be enriched in patients with viral clearance
or chronic infection, also genes noted to be in linkage disequi-
librium with the former, in addition to the IFNL3 and KIR2DS3
genotype. HLA-A*03 (OR 0.36 (0.15 to 0.89), p=0.027),
-B*27 (OR 0.12 (0.03 to 0.45), p=<0.001), IFNL3 CC geno-
type (OR 0.1 (0.04 to 0.23), p<0.001), DRB1*01:01 (OR 0.2
(0.07 to 0.61), p=0.005), and DRB*04:01 (OR 0.31 (0.12 to
0.85, p=0.02) were signiﬁcantly associated with viral clearance
(table 5). DRB*13:01 (OR 5.95 (0.97 to 36.7), p=0.05),
DQB1*02:01 (OR 4.2 (2.04 to 8.66), p=0.008), as well as the
IFNL3 ‘T’ allele and KIR2DS3 (OR 4.36 (1.62 to 11.74),
p=0.004) genotype were found to be associated with chronic
infection (table 5.)
As previously, we generated a model (ROC) to predict viral
outcome incorporating the genes identiﬁed above (see online
supplementary ﬁgure S3). This again demonstrates an additive
effect of the variables. HLA Class I and II genes combined are
able to predict viral outcome (AUC 0.82) better than either
KIR2DS3 (AUC 0.61) or IFNL3 (AUC 0.69) alone. There is an
improvement in prediction with the addition of all variables.
The curve also demonstrates that the combined predictive HLA
genes offer a good prediction of outcome (AUC 0.82) with only
a slight improvement with the addition of IFNL3 gene status
and KIR2DS3 (AUC 0.89).
Additive effects of HLA and IFNL3 genes are also present in
an independent Swiss cohort
Given the unique characteristics of the Irish cohort as a group,
we set out to address whether our observations in this dataset
were reproducible in an independent heterogeneous population.
HLA Class I and II as well as IFNL3 genotypes (using the
rs12979860 proxy SNP rs4803217, proxy R2=0.92) were avail-
able on 461 members of the Swiss cohort. The frequencies of
the different HLA alleles in the Irish and Swiss cohorts are
shown in online supplementary ﬁgures S4–S8. We again gener-
ated an optimised logistic regression model using the Swiss
cohort genetic data to predict viral outcome (table 6). The
strongest HLA predictor is HLA-A*11 which signiﬁcantly pre-
dicts viral persistence in the Swiss cohort (p=0.004, OR 2.63
(CI 1.35 to 5.1). In the Irish cohort, there is also a trend
towards an association between chronic infection and
HLA-A*11 albeit not signiﬁcant. Other studies have also
Table 4 An optimised logistic regression model (incorporating
HLA Class I, IFNL3 and KIR) predicting viral clearance
Explanatory Variables OR (95% CIs) p Value
A*03 0.42 (0.23 to 0.76) 0.005
B*15 0.12 (0.03 to 0.52) 0.004
C*01 0.13 (0.03 to 0.5) 0.003
C*09 10.74 (1.42 to 81.3) 0.022
C*12 0.31 (0.11 to 0.86) 0.024
IFNL3 CC versus CT/TT 0.11 (0.06 to 0.19) <0.001
KIR2DS3 3.45 (1.77 to 6.72) <0.001
The explanatory variables are selected by forward and reverse stepwise selection
minimising Akaike Information Criteria. OR, CIs and p values are presented. The
dataset consists of patients from the Irish cohort who have had their HLA Class I
genotype determined (n=319).
IFNL3 CC, protective genotype; IFNL3 CT/TT, deleterious genotype.
Table 5 An optimised logistic regression model (incorporating
HLA Class I and II, IFNL3 and KIR) predicting viral clearance
Explanatory variables OR and confidence limits p Value
A*02 2.32 (0.95 to 5.66) 0.064
A*03 0.36 (0.15 to 0.89) 0.027
A*11 2.36 (0.76 to 7.33) 0.137
B*07 0.49 (0.2 to 1.21) 0.122
B*27 0.12 (0.03 to 0.45) <0.001
C*02 32.38 (1.62 to 645) 0.023
DR*04:01 0.31 (0.12 to 0.85) 0.022
DR*01:01 0.2 (0.07 to 0.61) 0.005
DR*13:01 5.95 (0.97 to 36.67) 0.054
DQ*02:01 4.2 (2.04 to 8.66) 0.008
IFNL3 CC v CT/TT 0.1 (0.04 to 0.23) <0.001
KIR2DS3 4.36 (1.62, 11.74) 0.004
The explanatory variables are selected with stepwise selection minimising Akaike
Information Criteria (AIC). OR, CIs and p values are presented. The dataset consists of
patients from the Irish cohort (n=213).
IFNL3 CC: protective genotype; IFNL3 CT/TT: deleterious genotype.
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suggested a predictive role for A*11 in other populations.23 The
-DQB1*0301 allele is signiﬁcantly associated with viral clear-
ance (p=0.032, OR 0.66 (0.45 to 0.97)) as is the protective
IFNL3-associated rs4803217-C allele.
A ROC was generated to address the combined impact of the
HLA alleles and IFNL3 genotypes on viral outcomes in this
cohort (see online supplementary ﬁgure S9). Similar to the
results observed in the Irish cohort, we note an additive effect
in the prediction of viral outcome between HLA alleles and
IFNL3 genotypes. This effect is less marked than that of the
Irish cohort (0.65 AUC IFNL3 alone ct. 0.72 for HLA and
IFNL3). Nonetheless, it provides evidence that innate and adap-
tive immune events are independent and additive in the predic-
tion of viral outcomes.
DISCUSSION
In this study, we aimed to deﬁne the established associations
between MHC genes and viral outcomes in the context of the
IFNL3-linked polymorphisms. We were in a unique position to
address this, as we were able to investigate these relationships in
a cohort of women who had been infected with HCV from a
single source. We wished to address whether the observed
MHC associations would remain signiﬁcant in the context of
the profound innate immune effect.
We ﬁrst considered whether there might be a differential
effect according to the characteristics of the innate immune
response, by analysing the impact of carriage of either the pro-
tective or deleterious IFNL3 genotype with respect to the HLA
effect on viral outcomes. In our HLA Class I analysis, we did, to
an extent, observe this effect. The presence of the protective
alleles HLA-B*27 and –C*01 was signiﬁcantly enriched in those
with viral clearance if the unfavourable IFNL3 genotype was
present. In this cohort, the HLA-B*27 and C*01 alleles are
infrequent (6% of population), and so the numbers in the study
are limited. We also ﬁnd that carriage of the protective
HLA-A*03 allele was signiﬁcantly associated with clearance only
in the presence of the IFNL3 CC genotype. These results indi-
cate that there may indeed be a differential effect with respect
to HLA Class I alleles and viral outcomes, according to the
nature of the innate immune response. Larger studies would be
required to conﬁrm these observations however. In the case of
Class II alleles, the results are more clear-cut suggesting an
effect that is independent of the IFNL3 genotype as the
protective or deleterious effects of the Class II alleles were
maintained irrespective of the stratiﬁcation.
In our initial optimised multivariate model, we assessed the
impact of HLA Class I alleles on viral outcomes in a regression
incorporating the IFNL3 status and KIR2DS3 genotype. Results
from this model reveal protective roles for the Class I alleles
A*03, B*15, C*01 and C*12 and a deleterious role for C*09.
We have previously studied the protective effect of HLA-A*03
and linked its effect to presentation of an immunodominant
CD8 T cell epitope. HLA-B*15 has not previously been linked
to protection in this cohort, but these results suggest a possible
role. A large study by Hraber et al does report on an association
between B*62 (a B*15 supertype) and viral clearance24 and
functional studies also indicate the targeting of dominant CD8
T cell epitopes restricted by this allele.25 HLA-B*27 and -C*01
are inherited in strong linkage disequilibrium within this cohort.
In our initial logistic regression analysis (n=319), C*01 appears
as a signiﬁcant predictor—however, in the later model which
combines Class I and II alleles (n=213), it is the B*27 allele
which is the best predictor of viral clearance. The numbers
studied are low, however (n=22 for HLA B*27, Study group 1),
and this makes it difﬁcult to separate the effects of these closely
linked genes. In this cohort, several other haplotypes are inher-
ited in linkage disequilibrium.5 HLA-A*01-B*08-Cw*07 is linked
to the Class II haplotype DRB1*03:01-DQB1*02:01—however,
only DQB1*02:01 was noted to be a predictor of persistent
infection in this study. The HLA-A*03 allele occurred in linkage
with B*07-DRB1*15-DQB1*06:02. In this study, we ﬁnd that
only the A*03 component is predictive of viral clearance.
As well as being potential predictors in their own right as part
of the adaptive immune response, HLA class I C alleles can be
divided into two groups (C1 and C2) based on KIR ligand speci-
ﬁcity. Prior work with this and other cohorts have considered
the impact of this grouping, and found signiﬁcant associations
and interactions between viral clearance, HLA C1 or C2 and
IFNL3 genotype.16 21 Suppiah et al have previously addressed
the role of HLA-C alleles in combination with IL28B in predict-
ing treatment outcomes in HCV. They found the HLA-C2C2
genotype to be over-represented in patients who failed treat-
ment (OR 1.52), and that prediction of treatment failure
improved from 66% to 80% if both genes were used. They
noted that this effect was mainly additive, but there was some
evidence that it was also partially due to genetic interaction.21
Dring et al16 report on a signiﬁcant association between
KIR2DS3 on a HLA C2C2 background in the Irish cohort in
predicting the development of persistent infection, and also
report signiﬁcant synergy between KIR 2DS3 gene and the
unfavourable IFNL3 polymorphism in this cohort.
In this cohort, several HLA Class II genes have been ﬁrmly
implicated as determinants of viral outcome (table 2).5 Other
immunogenetic studies of HCV have identiﬁed different associa-
tions with Class II genes according to the population and geno-
type under investigation.26 Nonetheless, several HLA Class II
genes appear to be important in diverse populations. A
meta-analysis supported a strong association between
DQB1*03:01 and DRB1*11:01 and viral clearance.7 Thio
et al27 previously noted that the DRB1*03:01-DQB1*02:01
haplotype was also deleterious in Caucasian patients. In this
study, we demonstrate that the Class II alleles (DRB1*01:01 and
*04:01) retain their highly signiﬁcant protective effect, while
DQB1*02:01 retains its deleterious effect independently of
IFNL3 and KIR2DS3. Similar to our ﬁndings with the Class I
alleles, we note that the prediction of viral outcomes are
enhanced if these effects are combined, and that is not
Table 6 Optimised logistic regression model from the Swiss
cohort (incorporating HLA Class I, II and IFNL3) predicting viral
clearance
Explanatory variables OR and confidence limits p Value
A*11 2.63 (1.35 to 5.1) 0.004
A*23 3.14 (1.05 to 9.38) 0.041
A*29 1.92 (0.087 to 4.23) 0.096
B*08 0.62 (0.35 to 1.1) 0.1
B*49 0.44 (0.21 to 0.94) 0.034
C*14 0.37 (0.14 to 0.95) 0.033
DR*08:01 0.54 (0.24 to 1.19) 0.127
DQ*03:01 0.66 (0.45 to 0.97) 0.032
DQ*03:02 1.69 (0.97 to 2.96) 0.061
rs4803217-A (IFNL3) 2.43 (1.72 to 3.43) <0.001
Explanatory variables are selected with stepwise selection minimising AIC. ORs, CIs
and p values are presented.
The dataset consists of patients from the Swiss cohort (n=461).
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accounted for by a genetic interaction. These results support
other recently published data. Duggal et al reported on a large
GWAS of spontaneous resolution of HCV. This study combines
data from different cohorts with 2401 persons included in the
ﬁnal analysis.28 Signiﬁcant differences in allele frequencies
between persons with spontaneous resolution and persistence
were identiﬁed on chromosomes 19 and 6. On chromosome 19,
the differences localised near IFNL3 while on chromosome 6,
differences localised near genes for HLA Class II and included a
polymorphism near DQB1*03:01. In the Swiss cohort, we also
noted a strong protective effect for this allele, and many other
studies have observed this effect.27–29 The associations observed
on chromosome 19 and 6 were noted to be independent and
additive. In a smaller study, Mangia et al have assessed the
impact of several protective Class II alleles on spontaneous viral
outcomes in the context of the IFNL3 SNP rs1297860 in a
small cohort of thalassemic HCV-exposed patients. They have
also demonstrated an independent and signiﬁcant effect for the
HLA Class II gene DQB1*03:01 in predicting viral clearance,
and have shown that the effects of DQB1*03:01 and IFNL3 are
additive.30 In our study, and as previously reported,
DQB1*03:01 was not found to be associated with viral out-
comes. In the Irish population, DRB1*01:01 and DQB1*02:01
are strongly associated with clearance and chronic infection,
respectively. The Class II allele DRB1*0401 is associated with
clearance in the Irish cohort, while in the Swiss Cohort it is asso-
ciated with persistence. These disparate results likely reﬂect the
frequencies of different alleles within differing populations, and
are likely to relate to the unique inoculum received by the Irish
women and the related immune speciﬁcities. In this study, we
note that the magnitude of prediction for the combined HLA I
and II genetic data (AUC 0.82) is stronger than IFNL3 alone
(AUC 0.69) or KIR2DS3 (0.61), which supports a critical role for
the adaptive immune response in determining viral outcome.
A key question which arises when we study genetic factors in
this unique population infected from a single source, is how do
our ﬁndings extrapolate to more genetically heterogeneous
populations infected with different genotypes. To address this,
we were able to compare our ﬁndings with those from a separ-
ate European population. We demonstrate that HLA Class I and
II alleles as well as IFNL3 genes independently contribute to
viral outcomes also. Furthermore, as we noted in our initial
studies, we ﬁnd that combining these different genotypes is
additive in the prediction of viral outcome. This effect is less
marked than noted in the Irish population, however, this is not
a surprising result given the unique genetic and virological
characteristics of this speciﬁc cohort. We observe different HLA
associations in these cohorts which is most likely related to viral
diversity (single strain vs diverse genotypes). Previous work on
the Irish cohort has already illustrated the unique effects of a
single infecting strain on viral evolution and immunodomi-
nance. In the Irish cohort, HLA-A*03 and -B*27 have been
shown to mediate their protective effects through presentation
of key immunodominant epitopes which have a high threshold
to the development of immune escape variants. When these epi-
topes were examined in other diverse populations, these proper-
ties were not maintained.31 32 The importance and inﬂuence of
the source virus is illustrated in a study which investigated the
roles of HLA-A*03, B*08 and B*27 in determining viral
outcome in the East German single-source outbreak. By contrast
with the Irish cohort, these alleles were neutral for disease
outcome. Sequence analysis of the immunodominant epitopes
revealed that pre-existing substitutions in the infection source of
both cohorts inﬂuenced the impact of the corresponding
HLA-allele. The epitopes presented by the ‘protective’ alleles
HLA-A*03 and -B*27 in the Irish cohort contained substitutions
in the source virus of the East German outbreak. These pre-
existing substitutions altered selection pressure and viral evolu-
tion in the East German cohort.33
In conclusion, our results conﬁrm the ﬁnding that HLA alleles
are important predictors of viral response even given the power-
ful effect of IFNL3-linked polymorphisms. The observations
demonstrated in the initial Irish studies have been reproducible
in the Swiss cohort providing corroborative evidence that adap-
tive and innate immune events independently contribute to viral
outcome, and that these events are additive.
Author afﬁliations
1Nufﬁeld Department of Medicine, University of Oxford, Oxford, UK
2Institute of Emerging Infection, The Oxford Martin School, University of Oxford,
Oxford, UK
3Natural Killer Cell Research Group, School of Biochemistry and Immunology, Trinity
Biomedical Sciences Institute, Trinity College, Dublin 2, Ireland
4University Clinic of Infectious Diseases, University Hospital Bern and University of
Bern, Bern, Switzerland
5Institute of Microbiology, University Hospital and University of Lausanne, Lausanne,
Switzerland
6Division of Infectious Diseases and Hospital Epidemiology, University Hospital
Zurich, University of Zurich, Zurich, Switzerland
7NIHR Biomedical Research Centre, John Radcliffe Hospital, Oxford, UK
Acknowledgements We would like to thank all the study participants for their
contribution.
Collaborators Irish HCV Research Consortium: Garry Courtney, Orla Crosbie, John
Crowe, Liam Fanning, John Hegarty, Dermot Kelleher, Emer Lawlor, John Lee, Susan
McKiernan, Frank Murray, Suzanne Norris, Cliona O’Farrelly, and Leila Thornton
(Irish HCV Research Consortium). The members of the Swiss HIV Cohort Study are:
Aubert V, Battegay M, Bernasconi E, Böni J, Bucher HC, Burton-Jeangros C, Calmy
A, Cavassini M, Egger M, Elzi L, Fehr J, Fellay J, Furrer H (Chairman of the Clinical
and Laboratory Committee), Fux CA, Gorgievski M, Günthard H (President of the
SHCS), Haerry D (deputy of “Positive Council”), Hasse B, Hirsch HH, Hösli I, Kahlert
C, Kaiser L, Keiser O, Klimkait T, Kouyos R, Kovari H, Ledergerber B, Martinetti G,
Martinez de Tejada B, Metzner K, Müller N, Nadal D, Pantaleo G, Rauch A
(Chairman of the Scientiﬁc Board), Regenass S, Rickenbach M (Head of Data
Center), Rudin C (Chairman of the Mother & Child Substudy), Schöni-Affolter F,
Schmid P, Schultze D, Schüpbach J, Speck R, Tarr P, Telenti A, Trkola A, Vernazza P,
Weber R, Yerly S.
Contributors KF and JH, performed the overall statistical analyses; CG and MD
analysed the KIR data and their interactions speciﬁcally; PJM performed the HLA and
IFNL3 imputations on the Swiss data, PK and all other authors designed and wrote
the paper.
Funding KF was supported by an ESCMID (European Society of Clinical
Microbiology and Infectious Diseases) Research Grant (2012). JH is funded by the
Oxford Martin School. PK is funded by the Wellcome Trust (WT091663MA), NIHR
Biomedical Research Centre (Oxford), Oxford Martin School and MRC (UK)
STOP-HCV. CG receives funding from HRB (Health Research Ireland) and SFI (Science
Foundation Ireland). This study has been ﬁnanced within the framework of the Swiss
HIV Cohort Study, supported by the Swiss National Science Foundation (grant #
148522) and by SHCS project 543. The data are gathered by the Five Swiss
University Hospitals, two Cantonal Hospitals, 15 afﬁliated hospitals and 36 private
physicians (listed in (http://www.shcs.ch/31-health-care-providers)).
Competing interests none.
Ethics approval St James’ Hospital and St Vincent’s Hospital, Dublin, and local
regional centres in Switzerland (http://www.shcs.ch).
Provenance and peer review Not commissioned; externally peer reviewed.
Open Access This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 3.0) license, which permits
others to distribute, remix, adapt and build upon this work, for commercial use,
provided the original work is properly cited. See: http://creativecommons.org/licenses/
by/3.0/
REFERENCES
1 Seeff LB. Natural history of hepatitis C. Am J Med 1999;107:10S–5S.
2 Thursz M, Yee L, Khakoo S. Understanding the host genetics of chronic hepatitis B
and C. Semin Liver Dis 2011;31:115–27.
6 Fitzmaurice K, et al. Gut 2014;0:1–7. doi:10.1136/gutjnl-2013-306287
Viral hepatitis
 group.bmj.com on July 10, 2014 - Published by gut.bmj.comDownloaded from 
3 Lauer GM, Walker BD. Hepatitis C virus infection. N Engl J Med 2001;345:41–52.
4 Bartenschlager R, Lohmann V. Replication of the hepatitis C virus. Baillieres Best
Pract Res Clin Gastroenterol 2000;14:241–54.
5 McKiernan SM, Hagan R, Curry M, et al. Distinct MHC class I and II alleles are
associated with hepatitis C viral clearance, originating from a single source.
Hepatology 2004;40:108–14.
6 Kuniholm MH, Kovacs A, Gao X, et al. Speciﬁc human leukocyte antigen class I and
II alleles associated with hepatitis C virus viremia. Hepatology 2010;51:1514–22.
7 Hong X, Yu RB, Sun NX, et al. Human leukocyte antigen class II DQB1*0301,
DRB1*1101 alleles and spontaneous clearance of hepatitis C virus infection: a
meta-analysis. World J Gastroenterol 2005;11:7302–7.
8 Fitzmaurice K, Petrovic D, Ramamurthy N, et al. Molecular footprints reveal the
impact of the protective HLA-A*03 allele in hepatitis C virus infection. Gut
2011;60:1563–71.
9 Dazert E, Neumann-Haefelin C, Bressanelli S, et al. Loss of viral ﬁtness and
cross-recognition by CD8+ T cells limit HCV escape from a protective
HLA-B27-restricted human immune response. J Clin Invest 2009;119:376–86.
10 Kelly C, Klenerman P, Barnes E. Interferon lambdas: the next cytokine storm. Gut
2011;60:1284–93.
11 Ge D, Fellay J, Thompson AJ, et al. Genetic variation in IL28B predicts hepatitis C
treatment-induced viral clearance. Nature 2009;461:399–401.
12 Kenny-Walsh E. Clinical outcomes after hepatitis C infection from contaminated
anti-D immune globulin. Irish Hepatology Research Group. N Engl J Med
1999;340:1228–33.
13 Fanning LJ, Kenny-Walsh E, Shanahan F. Persistence of hepatitis C virus in a white
population: associations with human leukocyte antigen class 1. Hum Immunol
2004;65:745–51.
14 Fanning LJ, Levis J, Kenny-Walsh E, et al. Viral clearance in hepatitis C (1b)
infection: relationship with human leukocyte antigen class II in a homogeneous
population. Hepatology 2000;31:1334–7.
15 Barrett S, Ryan E, Crowe J. Association of the HLA-DRB1*01 allele with
spontaneous viral clearance in an Irish cohort infected with hepatitis C virus via
contaminated anti-D immunoglobulin. J Hepatol 1999;30:979–83.
16 Dring MM, Morrison MH, McSharry BP, et al. Innate immune genes synergize to
predict increased risk of chronic disease in hepatitis C virus infection. Proc Natl
Acad Sci USA 2011;108:5736–41.
17 di Iulio J, Ciufﬁ A, Fitzmaurice K, et al. Estimating the net contribution of
interleukin-28B variation to spontaneous hepatitis C virus clearance. Hepatology
2011;53:1446–54.
18 McKiernan SM, Hagan R, Curry M, et al. The MHC is a major determinant of viral
status, but not ﬁbrotic stage, in individuals infected with hepatitis C.
Gastroenterology 2000;118:1124–30.
19 Khakoo SI, Thio CL, Martin MP, et al. HLA and NK cell inhibitory receptor genes in
resolving hepatitis C virus infection. Science 2004;305:872–4.
20 Knapp S, Warshow U, Hegazy D, et al. Consistent beneﬁcial effects of killer
cell immunoglobulin-like receptor 2DL3 and group 1 human leukocyte
antigen-C following exposure to hepatitis C virus. Hepatology 2010;51:
1168–75.
21 Suppiah V, Gaudieri S, Armstrong NJ, et al. IL28B, HLA-C, and KIR variants
additively predict response to therapy in chronic hepatitis C virus infection in
a European Cohort: a cross-sectional study. PLoS Med 2011;8:e1001092.
22 Jia X, Han B, Onengut-Gumuscu S, et al. Imputing amino acid polymorphisms in
human leukocyte antigens. PLoS ONE 2013;8:e64683.
23 Thio CL, Gao X, Goedert JJ, et al. HLA-Cw*04 and hepatitis C virus persistence.
J Virol 2002;76:4792–7.
24 Hraber P, Kuiken C, Yusim K. Evidence for human leukocyte antigen
heterozygote advantage against hepatitis C virus infection. Hepatology 2007;
46:1713–21.
25 Ruhl M, Chhatwal P, Strathmann H, et al. Escape from a dominant
HLA-B*15-restricted CD8+ T cell response against hepatitis C virus requires
compensatory mutations outside the epitope. J Virol 2012;86:991–1000.
26 Yee LJ. Host genetic determinants in hepatitis C virus infection. Genes Immun
2004;5:237–45.
27 Thio CL, Thomas DL, Goedert JJ, et al. Racial differences in HLA class II associations
with hepatitis C virus outcomes. J Infect Dis 2001;184:16–21.
28 Duggal P, Thio CL, Wojcik GL, et al. Genome-wide association study of
spontaneous resolution of hepatitis C virus infection: data from multiple cohorts.
Ann Intern Med 2013;158:235–45.
29 Thursz M, Yallop R, Goldin R, et al. Inﬂuence of MHC class II genotype on outcome
of infection with hepatitis C virus. The HENCORE group. Hepatitis C European
Network for Cooperative Research. Lancet 1999;354:2119–24.
30 Mangia A, Santoro R, Sarli R, et al. IL28B CC-genotype association with
HLA-DQB1*0301 allele increases the prediction of spontaneous HCV RNA clearance
in thalassaemic HCV-infected patients. Antivir Ther 2011;16:1309–16.
31 Neumann-Haefelin C, Timm J, Schmidt J, et al. Protective effect of human leukocyte
antigen B27 in hepatitis C virus infection requires the presence of a
genotype-speciﬁc immunodominant CD8+ T-cell epitope. Hepatology
2010;51:54–62.
32 Nitschke K, Barriga A, Schmidt J, et al. HLA-B*27 subtype speciﬁcity determines
targeting and viral evolution of a hepatitis C virus-speciﬁc CD8+ T cell epitope.
J Hepatol 2014;60:22–9.
33 Ziegler S, Ruhl M, Tenckhoff H, et al. Susceptibility to chronic hepatitis C virus
infection is inﬂuenced by sequence differences in immunodominant CD8+ T cell
epitopes. J Hepatol 2013;58:24–30.
Fitzmaurice K, et al. Gut 2014;0:1–7. doi:10.1136/gutjnl-2013-306287 7
Viral hepatitis
 group.bmj.com on July 10, 2014 - Published by gut.bmj.comDownloaded from 
doi: 10.1136/gutjnl-2013-306287
 published online July 4, 2014Gut
 
Karen Fitzmaurice, Jacob Hurst, Megan Dring, et al.
 
HCV infection
immune genes determine viral outcome in 
Additive effects of HLA alleles and innate
 http://gut.bmj.com/content/early/2014/07/04/gutjnl-2013-306287.full.html
Updated information and services can be found at: 
These include:
Data Supplement
 http://gut.bmj.com/content/suppl/2014/07/04/gutjnl-2013-306287.DC1.html
"Supplementary Data"
References
 http://gut.bmj.com/content/early/2014/07/04/gutjnl-2013-306287.full.html#ref-list-1
This article cites 33 articles, 7 of which can be accessed free at:
Open Access
http://creativecommons.org/licenses/by/3.0/
commercial use, provided the original work is properly cited. See:
others to distribute, remix, adapt and build upon this work, for 
permitsof the Creative Commons Attribution (CC BY 3.0) license, which 
This is an Open Access article distributed in accordance with the terms
P<P Published online July 4, 2014 in advance of the print journal.
service
Email alerting
the box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in
(DOIs) and date of initial publication. 
publication. Citations to Advance online articles must include the digital object identifier 
citable and establish publication priority; they are indexed by PubMed from initial
typeset, but have not not yet appeared in the paper journal. Advance online articles are 
Advance online articles have been peer reviewed, accepted for publication, edited and
 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:
 http://journals.bmj.com/cgi/reprintform
To order reprints go to:
 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:
 group.bmj.com on July 10, 2014 - Published by gut.bmj.comDownloaded from 
Collections
Topic
 (149 articles)Open access   
 
Articles on similar topics can be found in the following collections
Notes
(DOIs) and date of initial publication. 
publication. Citations to Advance online articles must include the digital object identifier 
citable and establish publication priority; they are indexed by PubMed from initial
typeset, but have not not yet appeared in the paper journal. Advance online articles are 
Advance online articles have been peer reviewed, accepted for publication, edited and
 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:
 http://journals.bmj.com/cgi/reprintform
To order reprints go to:
 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:
 group.bmj.com on July 10, 2014 - Published by gut.bmj.comDownloaded from 
